Machen TE. Thapsigargin blocks Pseudomonas aeruginosa homoserine lactone-induced apoptosis in airway epithelia.
PSEUDOMONAS AERUGINOSA are opportunistic bacteria that accumulate and form biofilms in the lungs of cystic fibrosis patients. P. aeruginosa uses N-(3-oxododecanoyl)-homoserine lactone (C12) as a quorum-sensing molecule to control bacterial gene expression, including production of biofilms and virulence factors (9, 24, 26) . C12 elicits multiple effects, including activation of inflammatory, apoptotic, and Ca 2ϩ and/or cAMP signaling in leukocytes, fibroblasts, and/or epithelial cells, in host cells that are likely to be exposed to C12 in lungs from cystic fibrosis patients (1, 3, 10, 11, 13, 14, 16, 17, 27, 28, 30, 34 -37) .
In our previous study (27) of C12 activation of apoptosis in airway epithelial cell lines (Calu-3 and JME cells), 10 M was the C12 threshold concentration and 50 -100 M C12 caused quite similar responses. These responses included 1) activation of caspases 3/7, 8, and 9 within 1-2 h, 2) depolarization of mitochondrial membrane potential (⌬ mito ), beginning within 5 min and reaching a maximum within 30 min, followed by release of cytochrome c into the cytosol after 1 h, and 3) release of endoplasmic reticulum (ER)-targeted, redox-sensitive green fluorescent protein (roGFP) from the lumen of the ER into the cytosol and nucleus beginning within ϳ20 min and becoming complete within 45 min. Recent work on fibroblasts has shown that C12-triggered apoptosis, including release of cytochrome c from mitochondria, occurs independent of the proapoptotic mediators Bak and Bax (28) . Importantly, P. aeruginosa biofilms elicited lasI-dependent (lasI is the enzyme responsible for synthesis in P. aeruginosa) increases in cytosolic Ca 2ϩ concentration (Ca cyto ) and depolarization of ⌬ mito , indicating that P. aeruginosa biofilms produce sufficient C12 to induce the observed proapoptotic responses (27) . It might be expected that biofilm formation and C12-induced host cell apoptosis might be beneficial to the bacteria, in that barrier function may be compromised to permit bacterial access to the body.
It has been reported that C12 (20 -200 M) also causes altered morphology and integrity of tight junctions and loss of barrier function in the intestinal cell line Caco-2 and that this response is blocked when cells have been pretreated with the sarco/endoplasmic reticulum Ca 2ϩ -ATPase (SERCA) blocker thapsigargin (Tg) (39) . Since C12 caused apoptosis in the airway epithelial cell line Calu-3 (27) , we hypothesized that C12-induced breakdown of tight junctions in airway epithelia was part of the C12-induced apoptosis cascade and, furthermore, that Tg might prevent apoptosis-related degradation of tight junctions through its role in altering Ca cyto or mitochondrial Ca 2ϩ concentration (Ca mito ). We first tested whether C12-induced activation of apoptosis included breakdown of barrier function and tight junctions in Calu-3 cells by pretreating Calu-3 cells with the selective pan-caspase blocker carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone (ZVAD-fmk) to test whether blockade of caspases would prevent the effects of C12 on barrier function and tight junctions of Calu-3 cells. We then tested whether Tg prevented C12's effects on barrier function, as well as other previously identified aspects of the apoptosis cascade in airway epithelia, including activation of caspase 3/7 (the executioner caspase), release of GFP and oxidizing ER contents into the cytosol, and depolarization of ⌬ mito (27) . Some experiments were performed in another human airway epithelial cell line (JME cells), which are easier to transfect than Calu-3 cells and are also flatter and better for imaging. We also tested for effects in mouse embryonic fibroblasts (MEFs) to test cell specificity of Tg's effects. Tg prevented all C12-induced proapoptotic effects. We used Ca 2ϩ -free solution and BAPTA-AM (which buffers Ca cyto ) to test whether C12's proapoptotic effects or Tg's protective effects were mediated through alterations in Ca 2ϩ . C12 and Tg raise Ca cyto , so it was expected that if increases in Ca cyto were involved in response to C12 or Tg, then Ca 2ϩ -free solution ϩ BAPTA-AM might alter the response, e.g., exacerbating C12's proapoptotic effects or preventing C12's protective effects. However, Ca 2ϩ -free solution ϩ BAPTA-AM inhibited C12's proapoptotic effects, similar to Tg, indicating that increases in Ca cyto may not have been involved in the proapoptotic effects of C12 or the protective effects of Tg. Finally, we tested whether Tg reduced C12-induced apoptosis by raising Ca mito .
MATERIALS AND METHODS
Reagents. Unless otherwise specified, reagents and chemicals were obtained from Sigma (St. Louis, MO). C12 (Cayman Chemical, Ann Arbor MI) was dissolved in DMSO, frozen in separate vials, and then thawed for single experiments. Preliminary experiments showed that C12 lost potency with repeated thaw-freeze-thaw cycles. The Ca 2ϩ -ATPase blockers Tg and cyclopiazonic acid (CPA) (2) were prepared as 1 mM stock solutions in DMSO and used at 1-10 M. The CFTR blocker CFTRinh 172 was obtained from Alan Verkman (University of California San Francisco), dissolved in DMSO, and added at 1:1,000 dilution to a final concentration of 10 M.
Tissue culture and transfections. Calu-3 cells, a human airway glandlike epithelial cell line expressing CFTR (33) , were used for experiments in which tight junctions and barrier function were tested. Calu-3 cells were cultured in DMEM or Eagle's MEM supplemented with 10% FBS, 2 mM L-glutamine, and 1% penicillin-streptomycin. For electrophysiological experiments, Calu-3 cells were plated on Snapwell inserts (polyester membrane, 1.1 cm 2 , 0.4-m pore size; Snapwell no. 3801, Corning Costar, Lowell, MA) and grown until cells formed confluent monolayers. Cultures were maintained at 37°C in a humidified atmosphere of 5% CO 2-95% air. Calu-3 cells routinely had transepithelial resistance (RT) Ͼ400 ⍀·cm 2 and exhibited polarized responses consistent with previous studies (5, 33) . JME cells, a continuous SV40 large-T antigen-transformed human nasal epithelial cell line homozygous for ⌬F508 CFTR, were used for many imaging experiments, because they exhibit a higher transfection efficiency than Calu-3 cells and have excellent imaging properties (27) (28) (29) . JME cells were cultured in DMEM-Ham's F-12 medium supplemented with 10% FBS, 2 mM L-glutamine, 1% penicillinstreptomycin, 10 ng/ml EGF, 1 M hydrocortisone, 5 g/ml insulin, 5 g/ml transferrin, 30 nM triiodothyronine, 180 M adenine, and 5.5 M epinephrine.
Mouse embryonic fibroblasts (a wild-type cell line obtained from Chi Li, University of Louisville) were cultured in DMEM-highglucose medium (Mediatech, Manassas, VA) with 10% FBS (Gemini, West Sacramento, CA), 100 U/ml penicillin, and 100 g/ml streptomycin (Mediatech). Cells were grown in a humidified 95% air-5% CO 2 incubator at 37°C and seeded on tissue culture plates (BD Falcon, Bedford, MA) to assay caspase activity.
Human primary tracheal epithelial cell cultures were obtained through Dr. Finkbeiner at the University of California San Francisco. Use of human cultures was reviewed and approved by the Institutional Review Board at Children's Hospital Oakland. Cultures were maintained in Gray's medium on Transwell polycarbonate inserts (Costar, Corning, NY), as previously described (25) . Because the supply of primary cell cultures was limited, these preparations were used only for experiments comparing control with C12 treatment.
Electrophysiology. For measurements of transepithelial Cl Ϫ current (I Cl), Calu-3 cell monolayers were grown on Snapwell inserts, washed in PBS, mounted into water-jacketed (37°C) EasyMount Ussing chambers (Physiologic Instruments, San Diego, CA), and used for electrophysiological studies, as described previously (8, 30) . Transepithelial voltage (V T) was clamped to 0 mV, and RT and short-circuit current (I Cl under the conditions of these experiments) were measured using a four-electrode voltage clamp (VCC MC6 multichannel voltage clamp, Physiologic Instruments), with Ag-AgCl electrodes (World Precision Instruments, Sarasota, FL) connected to the solutions through agar bridges containing 1 M KCl. V T was briefly clamped from 0 to 1 mV and R T was calculated from the corresponding current deflection using Ohm's law. Positive currents were defined as anion movements from serosa to mucosa.
In the Ussing chambers, bicarbonate-buffered solutions (5 ml (15) , the presence of 1 mM Ca 2ϩ in the basolateral solution was sufficient to maintain barrier function of the monolayers, because RT measured under these conditions was 404 Ϯ 112 ⍀·cm 2 . All solutions were gassed with 5% CO2-95% air, resulting in pH 7. 4 .
Caspase activation. Caspase 3/7 activity was measured by cellbased homogenous luminescent assay (Caspase-Glo, Promega, Madison, WI), in which a specific substrate that contains the tetrapeptide DEVD was cleaved by the activated caspase from the cells to release aminoluciferin, reacting with the luciferase and resulting in the production of light. Calu-3 cells, JME cells, or MEFs were plated on a clear-bottom, white 96-well plate in 100 l of medium per well for 4 -5 days until they were confluent. During the experiment, the cells were treated with compounds in the 37°C incubator for 0.5-4 h or were left untreated as controls. On the same plate, some wells without cells but 100 l of the same medium served as blanks. After treatment, 100 l of reagent were added to each well with cells (treated or controls) and their medium or blank (media only). The plate was incubated at room temperature for 1 h on a shaker, and the end-point luminescence was measured in a plate-reading luminometer (LmaxII 384, Molecular Devices, Sunnyvale, CA). Data were background (blank)-subtracted and averaged and are reported as relative light units of activity.
Confocal immunomicroscopy: zonula occludens 1 and Hoechst 33342. Calu-3 cells grown on Snapwell inserts were mounted in the Ussing chambers incubated under conditions used for the electrophysiological experiments and left untreated or incubated with C12 (50 -100 M), ZVAD, Tg, or Ca 2ϩ -free solution ϩ BAPTA-AM. Primary cultures of human airway epithelial cells grown on Snapwell inserts were incubated with Ringer solution and left untreated or incubated with C12 (100 M). After experimental treatments, Calu-3 and primary human cell cultures were rinsed three times with PBS, fixed for 5 min with 3.7% formaldehyde in PBS, rinsed with PBS, and permeabilized with 0.5% Triton X-100 (in PBS) for 15 min. After the cells were blocked with 1% BSA-5% goat serum-PBS for 20 min, they were incubated for 1 h at room temperature with monoclonal mouse anti-zonula occludens 1 (ZO-1) antibody (BD Transduction Laboratories, San Jose, CA) and then thoroughly rinsed with 1% BSA-PBS and 0.1% BSA-PBS. Finally, cells were incubated for 1 h with an Alexa 546 goat anti-mouse IgG secondary antibody (Molecular Probes, Eugene, OR) and for 10 min with 1 M Hoechst 33342. Images were obtained on a laser scanning confocal microscope (model LSM710) using a ϫ63/1.4 numerical aperture oil objective (Carl Zeiss, Thornwood, NY). Samples were excited with 405-and 561-nm laser light. Confocal image stacks were collected by stepping the image plane along the optical (z) axis through the sample, where the lateral (xy) dimensions are orthogonal to z. Image stacks are displayed as compressed projections as viewed from the apical or the basolateral side or as a three-dimensional perspective view. Orthogonal cuts along the z-axis are displayed as an average of a 3-m-thick (in the y direction) section. All image stacks were cropped to 100 ϫ 100 m base dimensions. For final display, all images were lightened by ϳ20%. Image handling was performed using Imaris version 7.3.1 (Bitplane Scientific Software, South Windsor, CT).
Imaging measurements of redox potential in the ER, ⌬ mito, and Ca mito. For measurements of redox potential in the ER (redoxer), JME cells were transfected with a plasmid encoding roGFP targeted to the ER lumen (ER-roGFP). This probe has previously been shown to target correctly and to measure oxidized redox potentials characteristic of the ER (27) . Cells were alternately excited at 385 Ϯ 5 and 474 Ϯ 5 nm, and emission (Ͼ510 nm) images were collected and analyzed. Images were backgroundsubtracted, and normalized data were calibrated at the end of experiments by recording the 385 nm-to-474 nm ratios during maximal oxidation (10 mM H2O2) and maximal reduction (10 mM DTT). Fluorescence ratios were calibrated as relative levels of oxidation, with the ratio in the presence of DTT designated 0% and the ratio in the presence of H2O2 designated 100% (29) .
For measurement of ⌬mito, JME or Calu-3 cells were incubated with medium containing the ⌬mito probe JC-1 (10 M) for 10 min at room temperature and then washed three times with Ringer solution. Dye-loaded cells were mounted onto a chamber on the stage of a wide-field or a confocal imaging microscope and maintained at room temperature. Treatment consisted of diluting stock solutions into Ringer solution. Control experiments showed that equivalent amounts of DMSO (0.1%) used to dissolve C12 and Tg did not affect the JC-1 signal. Real-time imaging measurements of ⌬mito were performed using equipment and methods that have been reported previously (4, 7, 28, 29) . Briefly, a Nikon Diaphot inverted microscope with a ϫ40 Neofluar objective (1.4 numerical aperture) was used. A chargecoupled device camera collected JC-1 emission images (510 -540 nm) during excitation at 490 Ϯ 5 nm using a filter wheel (Lambda-10, Sutter Instruments, Novato, CA). Axon Imaging Workbench 4.0 (Axon Instruments, Foster City, CA) controlled filters and collection of data. Images were corrected for background (region without cells). Corresponding confocal images where collected with a confocal microscope (model LSM710, Zeiss) using laser excitation at 488 nm. Emission was collected at 510 -545 nm to observe green fluorescence and at 580 -620 nm to observe red fluorescence. Under control conditions, mitochondria exhibited red and green fluorescence of JC-1. C12 and the protonophore FCCP (10 M) caused reductions of JC-1 red fluorescence and increases in JC-1 green fluorescence consistent with depolarization of mitochondria (27) . When cells were treated with FCCP to elicit maximal depolarization of ⌬mito, JC-1 red fluorescence decreased to very low levels, and JC-1 green fluorescence also decreased as the dye was released from mitochondria into the cytosol and then into the bathing solution (27) . Quantitative data are reported as fluorescence intensities (recorded at 510 -545 nm, where changes were most dramatic) normalized by setting the minimum of JC-1 green fluorescence as the starting value in control cells and the maximum JC-1 green intensities at the end of the experiment during treatment of cells with 10 M FCCP to completely depolarize ⌬mito.
For measurements of Camito, JME cells were transfected with a plasmid encoding the Ca 2ϩ -sensitive fluorescence resonance energy transfer probe pericam targeted to the mitochondrial matrix (20) . Ratiometric imaging of pericam was performed using the Nikon Diaphot inverted microscope, charge-coupled device camera, filter wheel, and Axon Imaging Workbench 4.0, as described above. Cells were alternately excited at 410 Ϯ 5 and 474 Ϯ 5 nm, and emission (510 -540 nm) images were collected, background-subtracted, and analyzed. At the end of experiments, 410 nm-to-474 nm ratios were normalized by exposure of cells to solutions with 0 mM Ca 2ϩ and then with 20 mM Ca 2ϩ in the presence of ionomycin. The 410 nm-to-474 nm fluorescence ratio was then expressed as a percent maximum ratio.
Statistics. Values are means Ϯ SD; n is the number of experiments. Effects of multiple treatments were compared using ANOVAs followed by Holm-Sidak-corrected t-tests. P Ͻ 0.05 was considered significant. Statistical analysis was calculated using SigmaPlot (version 11, Systat Software, San Jose, CA). Single comparisons of treatment groups were done by t-tests.
RESULTS

C12 triggers loss of barrier function in Calu-3 airway epithelial monolayers; ZVAD, Tg, and Ca
2ϩ
-free solution ϩ BAPTA-AM prevent this effect. We tested whether previously observed apoptosis-like effects of C12 on Calu-3 cells (27) include loss of barrier function. Transepithelial parameters (I Cl and R T ) were measured during exposure of cells to C12 or C12 ϩ the caspase blocker ZVAD-fmk (ZVAD). Results from typical experiments are shown in Fig. 1A . Addition of 100 M C12 to the apical surface of Calu-3 cell monolayers caused an increase in I Cl up to a relatively constant plateau of ϳ50 A/cm 2 with relatively small decreases in R T (shown by the size of current amplitudes during V T pulses) over the course of 20 -30 min. Addition of DMSO at volumes equivalent (0.2%) to those used for C12 addition did not alter electrophysiological properties of Calu-3 cells (data not shown). This first plateau in response to C12 was followed by a second phase of large increases in I Cl and decreases in R T (shown by the large increases in I Cl pulses required to clamp V T to ϩ1 mV) over the following 45 min. Under the Cl Ϫ gradient conditions, this increase in I Cl is likely a reflection of the opening of a paracellular ion shunt for Cl Ϫ , as the subsequent addition of the CFTR blocker CFTRinh 172 (18) showed small or no effects. After 1 h of treatment with C12, R T of Calu-3 monolayers decreased to very low levels, consistent with loss of barrier function (from 1,100 Ϯ 751 to 48 Ϯ 22 ⍀·cm 2 ; Fig. 1E ). As also shown in Fig. 1A , pretreatment with ZVAD (50 M) for 30 min prevented the large second-phase activation of I Cl . The initial small increase in I Cl and decrease in R T were not affected. As summarized in Fig.  1E , C12 caused a decrease in R T from 1,444 Ϯ 723 to 442 Ϯ 150 ⍀·cm 2 in ZVAD-treated Calu-3 monolayers; R T was significantly higher in the presence of ZVAD ϩ C12 than C12 alone (Fig. 1E) .
Next, experiments were performed to test whether Tg could prevent C12-induced loss of barrier function similar to that caused by ZVAD. Results from a typical experiment are shown in Fig. 1B . As already shown in previous reports (5), Tg (1 M) caused a rapid increase in I Cl followed by a secondary plateau, changes that likely resulted from rapid release of Ca from the ER into the cytosol followed by sustained elevation of Ca cyto (5) and activation of Cl Ϫ and K ϩ channels (4), as well as a modest reduction of R T , consistent with previously published experiments (21) . In the presence of Tg, C12 caused a small, immediate decrease in I Cl (compared with an increase in control cells), with only small changes in I Cl and R T during the ensuing 45 min. In the presence of Tg, C12 resulted in a modest reduction of R T to 826 Ϯ 529 ⍀·cm 2 (Fig. 1E) . These results were consistent with the idea that C12's effect to reduce barrier function was prevented by Tg. Similar effects were observed in cells treated with CPA (10 M), another blocker of SERCA pumps (19) : CPA caused a rapid increase in I Cl , and further addition of C12 reduced I Cl , but the characteristic large increases in I Cl and decreases in R T were prevented (Fig. 1C) .
We tested whether increases in Ca cyto were involved in loss of barrier function in response to C12 and, indirectly, Tg's protective effects by treating cells with Ca 2ϩ -free solution ϩ BAPTA-AM to prevent/reduce increases in Ca cyto . Calu-3 cells in Ussing chambers were incubated with Ca 2ϩ -free solution on the apical surface and Ca 2ϩ -containing solution on the basolateral surface to ensure tight junction stability (31). Monolayers were then treated with BAPTA-AM (10 M) for 30 min before C12 was added to the apical side. As shown in Fig. 1 , D and E, addition of Ca 2ϩ -free solution ϩ BAPTA-AM to the apical side resulted in low I Cl and somewhat decreased (compared with controls) R T (404 Ϯ 112 ⍀·cm 2 ), but further addition of C12 did not significantly change I Cl and R T (372 Ϯ 26 ⍀·cm 2 ). A summary of the effects of C12 on R T and partial prevention of these effects by pretreatment with ZVAD, Tg, CPA, or BAPTA-AM is shown in Fig. 1E . The large C12-induced reduction of R T (from 1,100 Ϯ 751 to 48 Ϯ 22 ⍀·cm 2 ) was significantly reduced by pretreatment with ZVAD, Tg, or CPA (Fig. 1E) . On average, the C12 effect on R T was reduced by 37% by ZVAD, by 74% by Tg, and by 103% by CPA. ZVAD, Tg, CPA, and BAPTA-AM resulted in modest effects on R T by themselves; however, no single treatment had significant effects compared with control. Subsequent treatments with C12 showed a significant reduction of R T after ZVAD, but not after pretreatment with Tg, CPA, or BAPTA-AM.
C12 causes disassembly of tight junctions of airway epithelia; ZVAD and Tg prevent this effect. For morphological observations of tight junctions (ZO-1), we fixed and stained Calu-3 cells that had been used for electrophysiological experiments reported in Fig. 1 . In control cells, ZO-1 showed characteristic beltlike labeling around the top-most perimeters of cells. ZO-1 was consistently localized apically (Fig. 2, A and  D) , but not basolaterally (Fig. 2, B and E) . Also, nuclei of control cells were large and regularly shaped (Fig. 2C) . In contrast, C12-treated cells showed diffuse, disorganized ZO-1 labeling, mostly in the cytosol, with few distinct apical rings (Fig. 2, F and I) . Peripheral ZO-1 label was present along the lateral, as opposed to the apical, regions of cells and was diffusely distributed to the basal side of the epithelium (Fig. 2,  G and J) . Shrinkage of nuclei was often observed in these cells, and many nuclei appeared to have fragmented (Fig. 2H) .
C12 had similar, although less pronounced, effects on ZO-1 distribution and nuclear morphology in primary cultures of human airway epithelial cells. In control conditions, ZO-1 was consistently localized apically (Fig. 3, A and D) , but not basolaterally (Fig. 3, B and E) . Nuclei of control cells were large and regularly shaped (Fig. 3C) . In C12-treated cells, ZO-1 appeared to have been displaced from the apical to the basal surface and lateral regions of the cells or was disassembled into the cytosol or lost altogether in large patches of cells (Fig. 3, F, G, I , and J). Shrinkage and fragmentation of some nuclei were observed (Fig. 3H) . These experiments showed that C12 caused disassembly and relocalization of ZO-1 in tight junctions and also nuclear condensation and fragmentation in Calu-3 cell monolayers. Similar, but less pronounced, effects of C12 were observed in primary airway epithelial cell monolayers.
Calu-3 cells treated with ZVAD prior to C12 exhibited ZO-1 staining (Fig. 2, K-O ) similar to controls (Fig. 2, A-E) . In cells treated with ZVAD ϩ C12, most nuclei appeared normal, although shrinkage was observed in small number of nuclei (Fig. 2M) . Calu-3 cells treated with Tg prior to C12 exhibited labeling of ZO-1 and staining of nuclei ( Fig. 2, P-T) very similar to controls, although more ZO-1 label appeared to have migrated toward the basolateral surface than in controls (compare Fig. 2 , S and T, with Fig. 2, D and E) .
Since ZVAD largely prevented the damaging effects of C12 on barrier function (Fig. 1) and structure of tight junctions and nuclei of airway epithelia (Fig. 2) , it seems likely that C12 Fig. 2 . C12 causes reorganization/disassembly of tight junctions [zonula occludens 1 (ZO-1)] in Calu-3 epithelial cells, and ZVAD and Tg prevent this response. Calu-3 cell monolayers grown on Snapwell inserts and mounted in Ussing chambers for measurement of transepithelial parameters were fixed and labeled with an anti-ZO-1 antibody (red) and stained for nuclei (Hoechst 33342, blue). A-E: untreated control epithelium. x-y images of ZO-1 and nuclei were viewed from the apical side (A) and basolateral side (B), and nuclei alone were viewed from the basolateral side (C). Angled-view projection of ZO-1 and nuclei from the basal surface of a confocal image stack is shown in D; selected orthogonal cut (x-z) view with apical side pointing upward is shown in E. ZO-1 label was prominent at the perimeters of the cells, and there was no apparent ZO-1 staining on the basolateral side. Nuclei were oblong or oval. F-J: C12-treated monolayer; image projections as described in A-E. ZO-1 strands appeared to be disassembled, with distribution throughout the cell and appearance on lateral and basal sides of some cells. Nuclei generally were shrunken, and many appeared to have fragmented. K-O: ZVAD ϩ C12-treated culture from recording in Fig. 1A ; image projections as described in A-D. ZO-1 appeared normal, with apical strands surrounding large, oval nuclei. P-T: Tg ϩ C12-treated culture from recording in Fig. 1B ; image projections as described in A-E. ZO-1 appeared normal with apical strands; nuclei were large and oval. Scale bar, 10 m. Each image is typical of images from 3 experiments.
caused degradation of barrier function and tight junctions as part of the apoptosis program in airway epithelia. A corollary of these results was that Tg, like ZVAD, was blocking C12-triggered apoptosis in Calu-3 cells.
C12-activation of caspase 3/7 is prevented by Tg and Ca
2ϩ -free solution ϩ BAPTA-AM. The role of Tg in prevention of C12-triggered apoptosis was investigated further by testing the effect of C12 in the presence and absence of Tg on caspase 3/7 activity. Calu-3 cells grown on plastic six-well plates were exposed simultaneously to C12 and Tg for 2 h, and caspase 3/7 activity was evaluated. As shown in Fig. 4A , C12 increased caspase 3/7 activity in Calu-3 cells, and these effects were reduced by Tg. Addition of DMSO at volumes equivalent (0.1%) to C12 volumes did not alter caspase 3/7 activity of Calu-3 cells compared with Ringer solution alone (n ϭ 6, data not shown). Tg alone also did not activate caspase 3/7 activity over the 2-h duration of these experiments. Tg elicited even more pronounced preventive effects on C12-triggered caspase activity in the nasal cell line JME (Fig. 4B) . The preventive effect of Tg was also observed in MEFs (Fig. 4C) , showing that Tg prevented C12-induced apoptosis in fibroblasts, as well as in airway epithelia. These data showed that, in human airway epithelia and MEFs over a 2-h period, C12 triggered caspase 3/7, while Tg did not, and Tg reduced C12-induced activation of caspase 3/7.
We tested whether increases in Ca cyto were responsible for C12's proapoptotic effects or Tg's protective effects against C12-induced apoptosis in JME and Calu-3 cells. As shown for JME cells, C12 caused less activation of caspase 3/7 in cells incubated in Ca 2ϩ -free solution than in cells incubated in solutions containing 1 mM Ca 2ϩ for 2 h (Fig. 5A) . As shown for Calu-3 cells incubated in Ca 2ϩ -free solution, addition of BAPTA-AM reduced C12's proapoptotic activation of caspase 3/7 and C12-triggered caspase 3/7 activity was reduced even further by treatment with BAPTA-AM and Tg (Fig. 5B) . The experiments testing C12 activation of caspase 3/7 (Figs. 4 and 5) were consistent with R T measurements (Fig. 1) , in that C12's activation of caspase 3/7 in airway epithelial cells was largely prevented by release of Ca 2ϩ from the ER or by buffering of Ca cyto .
C12-triggered release of ER-roGFP is prevented by Tg.
A previous study showed that C12 activation of apoptosis in JME cells was accompanied by release of ER-roGFP into the cytosol and nucleus (27) . We tested whether this response was also prevented by Tg in JME cells, which are much easier to transfect than Calu-3 cells. As in previous studies (27) , control JME cells had a highly oxidized redox potential, as measured with ERroGFP (Fig. 6A) , consistent with its typical, reticular, ER-like appearance throughout the cytosolic region and exclusion from the nucleus (Fig. 6 , inset: Initial). Similar to previous results (27) , C12 reduced the redox potential measured by ER-roGFP (Fig.  6A) , concomitant with ER-roGFP leakage from the ER into the cytosol and nucleus (Fig. 6A , inset: C12). As proposed previously (27) , a likely explanation for the C12-induced change (oxidized ¡ reduced) in redox potential measured by ER-roGFP is that the oxidized ER contents leaked into the reduced cytosol, resulting in reduction of the ER-roGFP. Tg did not affect redox potential of ER-roGFP (Fig. 6B) , but in the presence of Tg, C12 did not reduce ER-roGFP, indicating that ER-roGFP remained localized in the ER. A summary of quantitative ER-roGFP experiments is shown in Fig. 6C . Under control conditions, ER-roGFP was nearly maximally oxidized, and C12 caused a marked reduction of ER-roGFP. ER-roGFP exhibited similarly reduced redox potentials in control cells and cells treated with Tg or Tg followed by C12. Thus Tg prevented C12-induced release of ER-roGFP from its typically oxidized ER location into the more reduced cytosol.
C12-triggered depolarization of ⌬ mito is prevented by Tg. We tested whether C12's characteristic rapid, apoptosis-asso- ciated depolarization of ⌬ mito (27, 28) was prevented by Tg. In control Calu-3 cells, JC-1 was localized to puncta (mitochondria) throughout the cytosol (Fig. 7A, control) . These JC-1-stained puncta exhibited red (emission: 580 -620 nm) and green (emission: 510 -545 nm) fluorescence, perhaps indicating different ⌬ mito of Calu-3 mitochondria in control conditions. C12 (50 M) caused JC-1's red fluorescence to decrease and green fluorescence to increase and redistribute to the cytosol, consistent with depolarization of ⌬ mito (Fig. 7A,  30 min C12 ). Further treatment with FCCP (10 M) to elicit maximal depolarization of ⌬ mito caused a further decrease in red JC-1 fluorescence and, after a short time, also a decrease in JC-1 green fluorescence, consistent with loss of JC-1 from the cells as it was released first into the cytosol and then diffused out of the cell (Fig. 7A, 5 min FCCP) .
In separate experiments performed on JC-1-labeled Calu-3 cells using the wide-field fluorescence microscope, quantitative measurements of JC-1 fluorescence showed that, similar to previous experiments (27) and consistent with confocal images in Fig. 7A, C12 caused a slow increase in JC-1 green fluorescence (excitation: 490 Ϯ 5 nm; emission: 510 -540 nm) as mitochondria depolarized slowly during 20 -30 min; in the presence of C12, FCCP caused little further increase in fluorescence, and intensities usually decreased as JC-1 was released from the cells (Fig. 7B) . These quantitative measurements of JC-1 green fluorescence were also consistent with the confocal images in Fig. 7A . Previous experiments showed that this response did not occur during treatment with the 4-C derivative of C12 dissolved in the same amount of DMSO (0.1%), showing that this apparent depolarization resulted from C12's selective effects on mitochondria (27) . As also shown in Fig. 7B , treatment with Tg (1 M) had little effect on JC-1 green fluorescence, and, in contrast to the control untreated cells, further treatment with C12 caused no or only a small increase in JC-1 green fluorescence; FCCP caused a large increase in JC-1 green fluorescence, showing that the mitochondria were fully polarized in the presence of C12 ϩ Tg and then were fully depolarized by FCCP (Fig. 7B) . As summarized in Fig. 7C, C12 caused, on average, ϳ90% depolarization of ⌬ mito in Calu-3 cells over the course of 20 -30 min; Tg did not depolarize ⌬ mito , and C12 had essentially no effect in cells pretreated with Tg. These data showed that C12 slowly, but nearly completely, depolarized ⌬ mito in airway epithelia and that this effect was blocked by pretreatment with Tg. Fig. 4 . Effects of C12, Tg, and C12 ϩ Tg on caspase 3/7 activity in airway epithelial cells and fibroblasts. Calu-3 cells (A), JME cells (B), and mouse embryonic fibroblasts (MEFs; C) were grown in plastic wells, exposed to 50 M C12, 1 M Tg, or C12 ϩ Tg for 2 h, and then processed for caspase 3/7 activity. C12, but not Tg, increased caspase 3/7 activity [expressed as relative light units (RLU)]. Cells treated with C12 ϩ Tg exhibited small or no increases in caspase 3/7 activity [i.e., compared with control (Ctrl)]. Values are means Ϯ SD (n ϭ 3 experiments). *P Ͻ 0.05 vs. Ctrl; #P Ͻ 0.05 vs. C12. 
Potential role of mitochondrial Ca
2ϩ in Tg's apoptotic effects. We considered the possibility that the apparently contradictory effects of Tg and BAPTA-AM on proapoptotic effects of C12 were explained by effects on mitochondria. Tg releases Ca 2ϩ from the ER into the cytosol, and it is likely that at least some of this Ca 2ϩ enters mitochondria (23) , which has been proposed in some studies to activate mitochondrial metabolism (20) and prevent apoptosis (41) . This possibility was tested by measuring Ca mito in JME cells. Typical results from JME cells transfected with the mitochondria-targeted Ca 2ϩ sensor pericam and treated with C12 and Tg are shown in Fig.  8 . Pericam localized to puncta throughout the cells, but not in the nucleus, very similar to localization in JC-1-stained cells (data not shown). C12 (50 M) caused Ca mito to decrease (Fig.  8A) , even though C12 raises Ca cyto in airway epithelial cells (28) . In contrast, Tg (1 M) caused Ca mito to increase, and subsequent treatment with C12 caused Ca mito to decrease only slightly and not below baseline (Fig. 8, B and C) . Localization of pericam remained unchanged during these treatments (data not shown).
DISCUSSION
C12-induced degradation of tight junctions results from activation of proapoptotic caspases. One important conclusion emerging from this study was that C12 caused loss of barrier function and disassembly/breakdown of tight junctions in Calu-3 cell epithelial monolayers. In control Calu-3 monolayers, R T was routinely Ͼ500 -2,000 ⍀·cm 2 , and the tight junction-associated protein ZO-1 was distributed in a ring around the apical aspects of cells that had large, oval nuclei. In contrast, in cells treated with C12 for 2-3 h, R T decreased nearly to zero, and ZO-1 was found in regions along the lateral or basal aspects of the cells and/or diffused throughout the cytosol. In these C12-treated cells, shrinkage and fragmentation of nuclei characteristic of cells undergoing apoptosis were observed (32) . Similar C12-induced loss of barrier function and reorganization of tight junction protein localization have been observed in Caco-2 intestinal epithelia (39) . In primary airway epithelial cell monolayers, C12 caused loss of ZO-1 in patches of surface cells that was often accompanied by the presence of ZO-1 in the lateral and basal membranes, which normally do not exhibit ZO-1 staining. Although further work is required to characterize C12's apparent disassembly of ZO-1, the staining patterns indicate that ZO-1 may be redistributed downward along the lateral membrane before being internalized inside Calu-3 cells. The loss of ZO-1 staining in many regions may indicate that ZO-1 was being degraded. The results in primary cells are important, in that these cells show a proapoptotic response of the surface epithelia that might be expected to be exposed to biofilms and the highest concentrations of C12 similar to Calu-3 cell monolayers.
In cells pretreated with the caspase blocker ZVAD, C12 caused R T to decrease from ϳ1,444 to ϳ442 ⍀·cm 2 , perhaps resulting from C12-induced release of Ca 2ϩ from the ER and activation of K ϩ and Cl Ϫ channels (27) . R T was significantly higher in the presence of ZVAD ϩ C12 than in the presence of C12 alone (48 ⍀·cm 2 ), and morphologies of ZO-1 and nuclei appeared very similar to normal untreated cells. These data indicate that barrier function and tight junctions of Calu-3 monolayers remained intact in the presence of ZVAD ϩ C12, but not in the presence of C12, and that C12-induced loss of barrier function and disassembly/degradation of tight junctions likely occurred as part of an apoptotic response in airway epithelia that also included shrinkage and fragmentation of nuclei, activation of caspase 3/7, permeabilization of the ER leading to loss of ER-roGFP from the ER into the cytosol, and depolarization of ⌬ mito . Similar proapoptotic effects of C12 in multiple cell types have been reported (10, 27, 37, 38). . C12 causes release of endoplasmic reticulum (ER)-targeted redoxsensitive green fluorescent protein (roGFP) into the cytosol, and Tg prevents this response. JME cells grown on cover glasses were transfected with ER-targeted roGFP (ER-roGFP) and then mounted in the imaging microscope. Relative redox potential in the ER (redoxer), along with morphology of ER-roGFP, was recorded in response to C12 (50 M), Tg (1 M), and Tg ϩ C12. A: C12 caused, after a delay, redox potential of C12 to decrease (become more reduced) over 40 min. Insets: under control conditions, roGFP was localized exclusively to the ER lumen and absent in the cytosol and nuclear lumen (Initial); after 45 min of C12 treatment, ER-roGFP was distributed smoothly throughout the ER and the cytosol and in the nucleus, likely resulting from leakage of ER-roGFP from the oxidized ER lumen into the reduced cytosol and nucleus (ϩC12). B: Tg had no effect on redox potential, which remained oxidized, and subsequent addition of C12 also had no effect. Probe was still responsive to changes in redoxer, as shown by DTT-induced reduction and H2O2-induced oxidation of ER-roGFP at the end of the experiment. In cells treated with Tg or Tg ϩ C12, roGFP was localized in a reticular pattern specific for the ER but was excluded from the nucleus, similar to distribution in control cells. C: summary of relative redox potential in the ER (redoxer) in control (Initial), C12, Tg, and Tg ϩ C12. Values are means Ϯ SD (n ϭ 3 experiments). *P Ͻ 0.05 vs. Initial. Although C12 caused similar changes in morphology of tight junctions in airway epithelial cells (present work) and in Caco-2 intestinal epithelial cells (39), there was one major difference in these responses: C12's effects appeared to be largely restricted to alteration of intercellular junctions through changes in the phosphorylation status of junctional proteins in Caco-2 intestinal cells, while in the present experiments C12 caused damage to tight junctions as part of a cascade of events related to activation of apoptosis in airway epithelia (and also in fibroblasts). It seems possible that C12 and Tg affect tight junctions in airway and intestinal epithelial cells, with subsequent downstream signaling leading to activation of caspases and apoptotic degradation in airway, but not intestinal, cells.
Tg prevents C12-induced apoptosis. A second major conclusion from this study was that pretreatment of cells with Tg, the main molecular function of which is thought to be inhibition of the Ca 2ϩ -ATPase (SERCA) in the ER (2), prevented proapoptotic effects of C12, including loss of barrier function and tight junction structure, activation of caspase 3/7, release of ER-roGFP from the ER into the cytosol, and depolarization of ⌬ mito . Another SERCA pump inhibitor, CPA (2), also provided protection against C12-induced decrease of R T , indicating that the effect of Tg on the SERCA pump is a likely explanation for its effects. Since similar blocking effects occurred during treatment with Tg and CPA and also with Ca 2ϩ -free solution ϩ BAPTA-AM, the data indicate that C12's apoptosis-related reduction of barrier function in Calu-3 cells was largely prevented by release of Ca 2ϩ from the ER or buffering of Ca cyto . Tg and CPA caused modest decreases in R T (compared with controls) on their own, effects that likely resulted from their well-known ability to raise Ca cyto and activate ion channels in the plasma membranes. The antiapoptotic effects of Tg were unusual, because Tg is commonly used as a proapoptotic agent, although the proapoptotic effects require many hours (12 h, instead of 2 h) (40) . It is thought that Tg-triggered apoptosis in other cells is mediated through Ca 2ϩ release from the ER into the cytosol and uptake into mitochondria, which subsequently depolarize and release cytochrome c to initiate apoptosis (23) .
The molecular mechanism(s) by which C12 induces apoptosis and Tg prevents it is not known. A number of correlative data about Ca cyto , Ca mito , and Ca 2ϩ concentration in the ER (Ca er ) presented here (Fig. 8) and previously (4, 27, 30) may be informative about the mechanism. A summary of our results and speculations about C12 and Tg are presented in Fig. 9 . In Fig. 8 . C12 decreases and Tg increases mitochondrial Ca 2ϩ concentration (Camito) in JME cells. Pericam-transfected JME cells grown on coverslips were mounted on the imaging microscope, and Camito was measured during treatment with C12 or Tg followed by C12. Cells were permeabilized and treated with low-and high-Ca control conditions (Fig. 9A) , Ca cyto and Ca mito are low, while Ca er is high. In the presence of C12 (Fig. 9B) , Ca er and Ca mito are lower than in control conditions, while Ca cyto is increased, and the apoptotic cascade is triggered. In contrast, in the presence of Tg ϩ C12, Ca er is low but Ca mito (Fig. 8) and Ca cyto (30) are higher than control, and C12-triggered apoptosis is blocked. Because Ca 2ϩ -free solution and/or Ca 2ϩ -free solution ϩ BAPTA-AM were inhibitory to C12-induced degradation of barrier function and activation of caspase 3/7, it seems unlikely that C12 activated apoptosis by increasing Ca cyto or that the antiapoptotic effects of Tg were mediated through an increase in Ca cyto . Also, since Tg and C12 decrease Ca er , it seems unlikely that C12's proapoptotic effect and Tg's protective effect resulted from release of Ca 2ϩ from the ER. A more likely possibility is that Ca mito plays a key role, perhaps by regulating mitochondrial metabolism: C12, which activates apoptosis, lowered Ca mito and might be expected to inhibit mitochondrial metabolism, while Tg, which prevents C12-induced apoptosis, increased Ca mito and might be expected to increase mitochondrial metabolism (41) .
The mechanisms by which C12 activates apoptosis and Tg prevents this effect have not been identified. The data are consistent with the idea that C12 has multiple, yet selective, effects on airway epithelial cells (e.g., C6 and C4 homoserine lactone have no effect on caspase 3/7 of airway epithelia). The inositol 1,4,5-trisphosphate receptor is activated, and Ca 2ϩ is released from the ER; Ca mito decreases, and mitochondria depolarize and release cytochrome c; proteins and oxidizing contents are released from the ER into the cytosol; nuclei shrink and fragment; and tight junctions degrade, and barrier function is lost (27, 30 , present data). Tg pretreatment inhibits most of these proapoptotic effects. Although further experiments are required to determine whether Tg's ability to prevent C12-induced apoptosis is mediated through alteration of mitochondrial metabolism or some other mechanism, this study presents a new pharmacological concept that Tg, known as a proapoptotic chemical, can control C12-induced cell death in airway epithelia.
